The structure and stretching frequency of the CO molecule physisorbed on the MgO(100) surface were investigated using the recently developed formalism of Kohn-Sham equations with constrained electron density (KSCED). The KSCED method makes it possible to divide a large system into two subsystems and to study one of them using Kohn-Sham-like equations in which the effective potential takes into account the interactions between subsystems. Compared to the standard Kohn-Sham formalism, the KSCED method involves an additional functional due to the non-additivity of the kinetic energy. The surface was represented using a cluster ((MgO 5 ) 8Ϫ or Mg 9 O 9 ) embedded in an array of electric point-charges. The KSCED calculations led to a blue-shift of the stretching frequency of the C-down adsorbed CO molecule amounting to 47-21 cm Ϫ1 depending on the distance from the surface. At the C-Mg distance of 2.42 Å , which corresponds to a typical minimum of the potential energy curve derived from supermolecule Kohn-Sham calculations applying gradient-corrected functionals, the KSCED frequency shift amounts to 35 cm Ϫ1 in excellent agreement with the most recent experiments. The CO stretching frequency of the O-down adsorbed CO molecule is red-shifted. The effects of cluster size and choice of the functionals on the KSCED frequencies, geometries and energies were analyzed. For C-Mg distances varying between 2.3 and 3.0 Å , changing the cluster size affects the frequencies by less than 4 cm Ϫ1 and the CO bond length by less than 0.0003 Å . At C-Mg distances larger than 2.4 Å , the change of the cluster size negligibly affects the KSCED interaction energies. The KSCED formalism makes it possible to study directly the effects associated with relaxation of the surface's electron density upon adsorbing CO. It is shown that these effects might contribute up to 30% of the KSCED interaction energy, but that they do not result in significant changes of either the geometries or frequencies. ᭧
Introduction
The recently developed formalism of Kohn-Sham equations with constrained electron density (KSCED) makes it possible to divide a large system into two subsystems and to study one of them using KohnSham-like equations in which the effective potential takes into account the interactions between subsystems [1, 2] . The formalism can be used to obtain the electron density and energy of the total system via the 'freeze-and-thaw' cycle [3] or to obtain the electron density of one subsystem keeping the electron density of another one frozen [4] [5] [6] . In the latter case, the KSCED formalism can be seen as a theoretical framework for designing embedding potentials based on density functional theory.
Similarly to the conventional formalism of Kohn and Sham (KS) [7] , KSCED uses approximate exchange-correlation functionals (E xc ). The KSCED formalism also introduces an additional functional (T nadd s ) arising from non-additivity of the kinetic energy. Since the exact analytic form of used functionals is not known, any practical application of the formalism involves approximations. The applied approximations were previously tested on several weakly bound systems including hydrogen-bonded and van der Waals complexes [8] [9] [10] . These studies showed that:
• KSCED calculations using relatively simple expressions for the non-additive kinetic energy functional lead to electron densities which are very similar to the electron densities derived from supermolecule Kohn-Sham calculations [8, 9] ; • KSCED results are generally less sensitive to the choice of the approximate functionals than the KS ones owing to the fact that they depend on the accuracy of the sum of approximate functionals used (E xc and T nadd s ) [10] .
In this paper, we explore the possibility offered by the KSCED formalism to introduce additional approximations concerning the electron density. Aiming at reducing the computational effort needed to study physisorbed molecules on chemically inert surfaces, we treat separately the electron density of the adsorbate and that of the surface. This allows us to investigate the effect of the relaxation of the surface electron density upon forming the complex on the structure and on the vibrational frequencies of the adsorbed molecule.
The system under investigation consists of the vertically oriented CO molecule adsorbed at the Mg-site of the MgO(100) surface. Experimental measurements [12] [13] [14] [15] and different theoretical models (for comparison of different theoretical methods, see Ref. [16] ; for ab initio results, see Refs. [17] [18] [19] [20] ; for density functional theory results, see Refs. [21] [22] [23] [24] [25] ) indicate that CO binds weakly to the MgO(100) surface. In particular, the studies by Pacchioni et al. [17] showed that the dominant effect on the CO-stretching frequency originates from the 'wall effect' and not from orbital interactions. According to the experience gained in studies of weak intermolecular interactions, this is an adequate system to be modeled using the KSCED formalism.
Methods
Two different formalisms were applied. The standard Kohn-Sham method [7] and that of Kohn-Sham equations with constrained electron density (KSCED) [1, 2] . The description of the KSCED formalism and the details of its computer implementation can be found elsewhere (see Ref. [9] and references therein). Only its main features will be given below.
The Kohn-Sham equations with constrained electron density (KSCED)
The electron density (r 1 ) of a fragment which interacts with an other subsystem comprising nuclear charges and a frozen electron density (r 2 ) is obtained using Kohn-Sham-like equations with the following effective potential [1, 2] : [29] , and PW91K derived from the exchange functional proposed by Perdew and Wang in 1991 (PW91) [30] . Throughout this paper, the approximate kinetic energy functionals used to derive T nadd s employ the same F(s) as the applied exchange energy functional. In practical applications of the KSCED equations, the use of a kinetic energy functional which is associated with the applied exchange energy functional offers a significant advantage, namely, the KSCED method does not involve any additional parameters as compared with the standard Kohn-Sham calculations. The total energy of a system comprising two subsystems is expressed as:
To study adsorption phenomena on chemically inert surfaces Eqs. (1) and (5) provide a convenient theoretical framework. In the absence of strong chemical interactions between the adsorbate and the surface, it is natural to use the electron density of the adsorbate as r 1 and electron density of the surface as r 2 . With such a partition of the electron density, one can consider the adsorbed molecule as a quantum mechanical system in an effective potential defined as in Eq. (1). The electron density r 2 , the positions and charges of atomic nuclei of the surface enter as parameters into the expression of the effective potential. It is possible, therefore, to calculate the total energy of the system assuming given positions of the surface atoms as well as a given electron density of the surface. Such calculations in which r 2 does not depend on the position of the adsorbed molecule introduce an additional approximation, namely, neglecting the relaxation of the surface electron density. In the present work, the importance of this approximation is investigated.
The KSCED results obtained using a r 2 density calculated for the surface without adsorbed molecules will be referred to as KSCED (1) or 'frozen-surface calculations'. The KSCED formalism also makes it possible to relax the surface electron density by means of the 'freeze-and-thaw' cycle in which the electron densities of the surface and of the adsorbed molecule invert their roles in a series of subsequent KSCED calculations [3] . Such calculations will be referred to as KSCED (conv) to denote that they correspond to the converged 'freeze-and-thaw' cycle.
The following functionals were used:
• SVWN (Slater expression for E x and Vosko et al. [27] expression for E c ), • B88-P86 (E x proposed by Becke [28] and E c by Perdew [31] ),
• PW86-P86 (E x proposed by Perdew and Wang [29] and E c by Perdew [31] ), • PW91 (E x and E c proposed by Perdew and Wang [30] ).
The interaction between the CO molecule and the MgO(100) surface is weak and the numerical experience shows that some implementations of the KohnSham formalism are not applicable for such complexes [32, 33] . In fact, Harris showed as early as in 1975 [34] that the asymptotic r Ϫ6 behavior (or r Ϫ3 for charged molecules) of the interacting neutral molecules can be derived using ground-state functionals allowing him to conclude: 'density-functional theory provides a way of determining the asymptotic behavior of interacting electronic systems from a knowledge of the mean field densities of the components'. More recent numerical studies [35] [36] [37] showed that difficulties with applying the KohnSham theory to study weakly interacting systems originate not from the underlying assumptions of the density functional theory but from the use of inadequate functionals. For a more detailed discussion see Ref. [36] .
Numerical details
Gaussian basis sets were used to expand one-electron orbitals and to fit (auxiliary functions) the electrostatic and exchange-correlation potentials. The orbitals were constructed using atomic basis sets with the following contraction pattern: (721/51/1*) for carbon [39] , (621/41/1*) for oxygen [39] , and (6321/411/1*) for magnesium [40] , which were developed specifically for Kohn-Sham calculations. The coefficients of the auxiliary functions were taken from Ref. [39] (4,3;4,3) for carbon and oxygen [39] , and from Ref. [40] (5,4;5,4) for magnesium.
The expansion of the electron density of CO using atom-centered Gaussians involved only CO atoms. Similarly, the expansion of the surface electron density involved only Gaussians centered on surface atoms. Such an expansion of the electron density, referred to as KSCED(m) in Ref. [9] where m stands for 'monomer' implies that the expansion of the electron density of a given fragment uses the same basis functions regardless of the mutual orientation of interacting fragments. It is therefore free from the basis set superposition error of the quantum mechanical results derived from the supermolecule calculations.
Throughout the paper, the following notation will be used KSCED (a)(b/c), where a specifies the number of the 'freeze-and-thaw' iterations, b the exchange-correlation functional, and c the exchange functional used to derive T nadd s . The calculations were made using a small CO… (MgO 5 ) 8Ϫ cluster model of the system. To study the cluster size effect on the obtained results, some calculations were made for a larger system comprising MgO(3 × 3 × 2) atoms (CO…Mg 9 O 9 cluster). The cluster was embedded in an array (13 × 13 × 4) of point charges (ϩ2e on Mg and Ϫ2e on O atoms, respectively) localized at the nuclei positions in the ideal crystal. The assumed Mg-O distance amounting to 2.1056 Å corresponds to the structure of the MgO crystal determined experimentally at 21ЊC [41] . The choice of the cluster model and the embedding potential was such as to facilitate comparisons with previously published theoretical results [17] .
At all considered geometries of the adsorbed CO molecule, the CO stretching frequency was calculated by fitting a third-order polynomial to the potential energy curve corresponding to the atomic displacements as in the isolated CO stretching vibrational mode. 8Ϫ cluster at several C-Mg distances. The interaction energy amounts to 0.43 eV at the R C-Mg distance of 2.33 Å . The 'freezeand-thaw' cycle converges very fast and the second iteration already leads to energies differing less than 0.001 eV from the converged ones. The energies obtained in the first 'freeze-and-thaw' iteration, i.e. calculations with frozen, unperturbed surface, are higher than the converged ones. The difference between the KSCED(1) and the KSCED(conv) energies results from the effect of the surface relaxation upon forming the complex. The surface relaxation effect amounts to 30% of the interaction energy at R CMg 2.35 Å , and it decreases with increasing C-Mg distance (see Fig. 2 ). The minimum energy C-Mg distance does not change significantly in subsequent 'freeze-and-thaw' iterations (R C-Mg 2.35 Å , and 2.33 Å , for KSCED(1) and for KSCED(conv), respectively).
Results

KS and KSCED energies
To investigate the effect of the functional parametrizations on the KSCED results, the potential energy curves were calculated using another set of gradientdependent functionals (B88-P86/LLP) and gradientless ones (SVWN/TF) instead of the PW91 functionals. The LDA kinetic energy functional (TF) was shown previously not to be sufficiently accurate to be applied in KSCED calculations of interaction energies [9] . The LDA results (KS(SVWN) and KSCED(SVWN/TF)) are presented for reference purposes. The interaction energies and equilibrium C-Mg distances derived from the KSCED calculations are collected in Table 1 together with corresponding results derived from the supermolecule Kohn-Sham calculations.
It may be seen there that both the KSCED and the KS results depend on the choice of the functionals. The LDA results differ significantly from the ones obtained using gradient-corrected functionals. The KSCED energies depend less than the KS ones upon the choice of the functional. Indeed, the KSCED interaction energies fall within a 0.15-eV range, whereas the KS ones fall within a 0.36-eV range. If the analysis of the functional importance is restricted to gradientdependent functionals, it can be seen that the KSCED energies depend slightly less on the functional choice than the KS ones. These tendencies are in line with our previously obtained results for van der Waals complexes made of the benzene and O 2 , N 2 or CO molecules [10] .
The potential energy curves were also calculated for O-down orientation of the CO molecule and the (MgO 5 ) 8Ϫ cluster. The equilibrium distances and the interaction energies derived from the KS and the KSCED calculations are collected in Table 2 . Results derived from both the KS and the KSCED calculations indicate that at the O-down orientation the CO molecule binds less strongly to the surface than at the C-down orientation. As in the case of the C-down orientation, the KSCED results are less sensitive to the choice of the functional than the KS ones.
The basis set superposition error (BSSE), as estimated using the counterpoise method of Boys and Bernardi [11] , significantly affects the supermolecule Kohn-Sham energies for both orientations of the CO molecule. Except for the LDA calculations, the KSCED interaction energies fall between the BSSE corrected and non-corrected supermolecule KohnSham ones.
Kohn-Sham results derived using different functionals are in line with the ones which can be found in the literature [16, 23, 24] . The KS(SVWN) interaction energies amount to 0.50 eV ((MgO 5 )
8Ϫ
, this work), 0.56 eV (Mg 9 O 9 cluster [16] ). The KS(SVWN) equilibrium C-Mg distance amounting to 2.28 Å is [16, 24] indicate that introduction of gradient corrections to the exchange-correlation functional significantly affects the Kohn-Sham results; the binding energy is reduced by about 50% and the equilibrium C-Mg distance increases by 0.1-0.2 Å depending on the analytical form of the gradient corrections.
To investigate the effect of the cluster size on the KSCED energies, the CO-MgO(100) interaction energy was calculated using a larger cluster model of the surface (Mg 9 O 9 cluster embedded in the 13 × 13 × 4 array of point charges). The KSCED (PW91/ PW91K) interaction energies were calculated for the C-down orientation of the CO molecule at selected distances. The changes of the interaction energy amount to 0.015, 0.007, 0.005, and 0.019 eV for R C-Mg 2.375, 2.45, 2.60, and 2.80 Å , respectively. These values are small compared to the values of the interaction energy. At shorter C-Mg distances, the difference between the KSCED energies derived using different clusters increases.
CO-stretching frequency
At several C-Mg distances of the C-down oriented CO molecule, the CO stretching frequency was determined by means of the KSCED(PW91/PW91K) calculations and compared with the free-CO stretching frequency derived from KS(PW91) calculations (2103.7 cm Ϫ1 ). Fig. 3 displays the frequency shift (Dv CO ) as a function of the C-Mg distance. It can be seen that Dv CO is positive (blue-shift) and it decreases with increasing C-Mg distance. The Dv CO shifts obtained with frozen surface density (KSCED (1))(PW91/PW91K) agree within 3 cm
Ϫ1
with the ones obtained with converged 'freeze-andthaw' cycle (KSCED(conv)(PW91/PW91K)). At the KSCED(conv)(PW91/PW91K) energy minimum (R CMg 2.35 Å ), Dv CO amounts to 45 and 47 cm Ϫ1 for KSCED (1) and KSCED(conv), respectively.
The KSCED calculations with frozen electron density of the surface make it possible to evaluate the vibrational frequencies of an adsorbed molecule as a function of the position of the adsorbate relative to the surface. Depending on the cluster size and the embedding approach, previously published theoretical estimates of the equilibrium C-Mg distance vary between 2.32-2.55 Å (KS calculations with gradient-corrected functionals) [16, 24] and 2.58-2.70 Å (ab initio) [16, 17, 19] . Within the range of R C-Mg distances reported in the literature (2.32-2.70 Å ), the KSCED(1) (PW91/PW91K) frequency shifts vary between 15 and 48 cm
. The experimental value of Dv CO , amounting to 35 cm Ϫ1 [13] , falls within this range. In particular, the shifts of R C-Mg 2.42 Å , which corresponds to the minimum of the KS(PW91) potential energy curve, amount to 35 cm Ϫ1 (KSCED(1)) and 36 cm Ϫ1 (KSCED(conv)), in excellent agreement with experiment.
Pacchioni et al. [17] also used the (MgO 5 ) 8Ϫ cluster as a model of the surface in Hartree-Fock calculations. They obtained the value of Dv CO 31 cm Ϫ1 at the R C-Mg distance of 2.60 Å . At the same distance, the KSCED(PW91/PW91K) calculations led to a smaller value of Dv CO amounting to 20 cm
. The CO bond lengths derived from the KSCED calculations are shorter than the free-CO bond length amounting to 1.1515 Å (see Fig. 4 ). The CO bond length shortens by about 0.003 Å at R C-Mg 2.42 Å .
To investigate the effect of cluster size on KSCED frequencies, the CO stretching frequency was calculated using a larger cluster model of the surface (Mg 9 O 9 cluster embedded in the 13 × 13 × 4 array of point charges). The KSCED(1)(PW91/PW91K) frequencies calculated for the C-down orientation of CO at selected distances. The effect of change of cluster size on frequency amounts to 0.0, 1.5, 2.4, 5.2, and Ϫ4.1 cm Ϫ1 for R C-Mg 2.3, 2.375, 2.45, 2.60, and 2.80 Å , respectively. The cluster size effect on CO stretching frequency is small especially for short CO-surface distances. It is comparable to our estimated accuracy of the procedure used to determine the frequencies.
To study the effect of the functionals' parametrizations on frequency shifts, Dv CO was derived from KSCED(B88-P86/LLP) calculations for C-down oriented CO molecule in (MgO 5 ) 8Ϫ system. The KSCED(PW91/PW91K), KSCED(B88-P86/LLP), and KSCED(PW86-P86/PW86K) frequencies agree within 4 cm Ϫ1 as calculated at R C-Mg 2.35 Å and R C-Mg 2.5 Å .
Additionally, the CO-stretching frequency was calculated for O-down orientation of the CO molecule. The KS(PW91) and the KSCED(conv)(PW91/ PW91K) calculations predicted the equilibrium OMg distance to lie at 2.35 and 2.36 Å , respectively. At a O-Mg distance amounting to 2.35 Å , the KSCED(PW91/PW91K) calculations predicted a negative shift amounting to Ϫ9 cm Ϫ1 in agreement with other theoretical estimates [17, 23] .
Conclusions
The 'freeze-and-thaw' cycle of KSCED calculations with gradient-dependent functionals leads to interaction energies which fall between the BSSE corrected energies derived from supermolecule Kohn-Sham calculations. The KSCED energies appear to be less dependent on the functional choice than the ones derived from the supermolecule KohnSham calculations.
The surface relaxation effects on the KSCED energies, as measured by the difference between the energies obtained with frozen and relaxed electron densities of the surface, are significant. These effects contribute up to 30% of the interaction energy. However, the surface relaxation effects do not significantly affect neither the geometry of the complex nor the stretching frequency of the adsorbed CO molecule. Therefore, the frozen surface KSCED calculations, which are substantially less demanding in computer time as compared to the supermolecule Kohn-Sham cluster calculations, provide a valuable alternative to investigate properties of adsorbates physisorbed on chemically inert similar surfaces. The computational advantages originate from the fact that the frozen surface KSCED calculations may be seen as Kohn-Sham computations for the adsorbed molecule in which the isolated adsorbate effective potential is supplemented with terms responsible for the interactions with the surface.
The interaction energies as well as the CO-stretching frequency for the C-down orientation of the CO molecule are not significantly affected by the change of the cluster size used to model the MgO(100) surface.
